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The non-perturbation theory of electronic dynamic conductivity for open two-barrier resonance tunnel struc- 
ture is established for the first time within the model of rectangular potentials and different effective masses of 
electrons in the elements of nano-structure and the wave function linear over the intensity of electromagnetic 
field. It is proven that the results of the theory of dynamic conductivity developed earlier in weak signal approx- 
imation within the perturbation method, qualitatively and quantitatively correlate with the obtained results. The 
advantage of non-perturbation theory is that it can be extended to the case of electronic currents interacting 
with strong electromagnetic fields in open multi-shell resonance tunnel nano-structures, as active elements of 
quantum cascade lasers and detectors. 
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1. Introduction 

The experimental produce of nano-lasers and nano-detectors and, further, quantum cascade 
lasers and detectors [TH3] stimulates the intensive development of the theory of dynamic conduc- 
tivity for nano-heterosystems as active elements of these unique devices. In spite of the twenty 
years period of investigating the interaction between electromagnetic field and electronic currents 
in open nano-structures, the respective theory is far from being completed. One of the reasons 
is the mathematical problems arising at the quantum mechanical research of physical processes 
caused by the interaction of quasi-particles with classic and quantized (phonons) fields in open 
nano-structures. 

The theory of electronic conductivity for the two- and three-barrier resonance tunnel structures 
(RTS) jH-fTO] is rather complicated and mathematically sophisticated even without taking into 
account the dissipative processes (scattering at the phonons, impurities, imperfections). Therefore, 
the maximally simplified model is used in the above mentioned and other papers |11H13| : (5-like 
approximation of potential barriers for the electrons and weak signal approximation equivalent to 
the first order of perturbation theory (PT) over the intensity of electromagnetic field interacting 
with electronic current in RTS. 

We must note that i5-like approximation of potential barriers essentially simplifies the model of 
nano-structure. Herein, the electron is automatically characterized by the unitary effective mass 
within the whole system, which permits to calculate the RTS dynamic conductivity [4Hl3] using 
the PT iteration method and in such a way, quit the frames of linear approximation over the field 
intensity. 

Further, in references |14| ITS] it was shown that i5-like approximation of potential barriers 
correctly described the qualitative properties of spectral parameters of quasi-stationary states 
of electrons and the dynamic conductivity of nano-structures but the magnitudes of resonance 
energies were overestimated by tens per cent and resonance widths by ten times with respect to 
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their magnitudes in a more realistic model of rectangular potentials and different effective masses 
of electron in the elements of nano-structure. It was displayed that in any RTS, the J-barrier 
model strongly underestimated the electrons life times in all quasi-stationary states and, thus, the 
magnitude of the dynamic conductivity became the orders smaller even for the structures with 
weak electromagnetic field. 

The theory of dynamic conductivity established in references jTBHin] for the open two- and 
three-barrier RTS is based, as a rule, on a more realistic model but it is so complicated compared 
to the (5-barrier model that it is practically impossible to leave the framework of weak signal 
approximation. Nevertheless, the development of experimental capabilities makes the problem of 
strong interaction of electronic currents and electromagnetic field in RTS more and more urgent. 

Therefore, it is necessary to develop the non-perturbation theory (NPT) of conductivity for 
open RTS where the intensity of electromagnetic field would not play such a critical role as in PT. 
The motivation for the positive expectations regarding the NPT existed because the solution of 
complete Schrodinger equation with Hamiltonian describing the interaction between electrons and 
varying in time electromagnetic field was known [20]. However, in spite of the known analytical 
expression for the exact wave function, the theory of conductivity for the open RTSs was not 
successfully developed. 

The possible approach to the solution of this problem for the dynamic conductivity of the two- 
barrier RTS is proposed in our paper for the first time. We develop the NPT for the electronic 
dynamic conductivity using the wave function which is the exact solution of complete Schrodinger 
equation in the linear approximation over the field. Being convinced that the results obtained in 
the first order of PT for electronic conductivity correlate with the results of the herein developed 
NPT, the established approach can be used in developing a general theory of electronic current 
interacting with strong electromagnetic field in open multi-shell nano-structures, being the active 
elements of quantum cascade lasers and detectors. 



2. Hamiltonian of the system. Finding the wave function from the complete 
Schrodinger equation 

The open two-barrier RTS is studied in the Cartesian coordinate system with OZ axis perpen- 
dicular to the planes of nano-structure, figure [T] The small difference between the lattice constants 
of the nano-structure wells and barriers makes it possible to use the effective masses 

2 1 

m{z) = mo^[0{z - Z2p-i) - 0{z - Z2p)] + nii ^[^(z - Z2p) - 9{z - Z2p+i)] (1) 
and rectangular potentials 

1 

U{Z) = UY,[&{Z - Z2p) - e{z ~ Z2p+l)]. (2) 
p=0 

Here 6{z) is Heaviside step function; z_i — > —oo, Z4 — ?> +00. 

It is assumed that mono-energetic electron current with the energy (E), density of current 
{J^ ^ VE) and concentration (hq) moving perpendicularly to the planes of two-barrier RTS falls 

at it from the left side. The electronic movement can be considered as one-dimensional ( /c || =0). 
According to the numeric evaluations, the velocity within the nano-structure is by 3-4 orders 
smaller than the velocity outside. Thus, the interaction between electrons and electromagnetic 
field with frequency (w) and intensity of electric field (e) is essential only within the two-barrier 
RTS and can be neglected outside it. 

The electron wave function has to satisfy the complete Schrodinger equation 

.^a^(i|avM) ^ [Ho{z)+H,{z,t)]^{E,uj,z,t), (3) 
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Figure 1. Energy scheme for the electrons and geometry of two-barrier RTS. 



where 



d I d 



U{z) 



(4) 



2 dz m{z) dz 

is the Hamiltonian of the electron without interaction with the field. 

The electron interaction with the electromagnetic field varying in time, is described by the 
Hamiltonian 

Hi{z,t) = -2ee z[0{z) - e{z - Z3)] cos ujt. (5) 

The both linearly independent exact solutions of complete Schrodinger equation with Hamil- 
tonian Hq(z) in the potential well are known: exp(±ifc2; — iwot) [17, 19], loq — Ehr^. The both 
linearly independent exact solutions of equation ^ with Hamiltonian H{z,t) — Hq{z) + Hi{z,t), 
taking into account the electron-electromagnetic field interaction in linear approximation over the 
electric intensity are also known: 



exp 



i zLkz — ujot 



2eez , 2eek 
— — sm (jjt ± ^ cos ujt 



where k is electron quasi-momentum [20]. Thus, using the exact solutions of equation (|3| for the 
case of two-barrier RTS, the electron wave function is written as 



3 

^{E, w, z, t) = -^oiE, z, t)e{-z)+Y^ ^^{E, z, t)[9{z-Zp_i)-9{z-Zp)]+^4{E, z, t)e{z-zs). (6) 

In the outer media of two-barrier RTS, where the interaction with electromagnetic field is 
neglected, the wave functions are 

^^{E,z,t) = (aoe"=^ +6oe-"=^)e-'-°*, 

^\kz — \ujf)t 



'i'i{E,z,t) = 046" 



(7) 
(8) 



where 



k = h^^y/2moE. 



Here it is taken into account that the mono-energetic electronic current impinges at RTS from 
the left hand side, since in the left hand media there is both a falling and a reflected wave while 
in the right one there is the wave moving towards the infinity only. 

Within the two-barrier RTS, where the electron-electromagnetic field interaction is essential, 
the wave function is found as linear combinations of eigen wave functions of the Hamiltonian H{z, t) 



[aJ^{E, Lj, z, t)e^' + bj;-{E, w, z, t)e-^' 



'lUJot 



■^i{E,u;,z,t) 

■^2{E,io,z,t)= [a2f2' {E, cj, z,t)e"'' + b2f^{E,uj,z,t)e 
*3(^, c^, z, t) = [a^f^iE, LO, z, t)e^' + hft{E, w, z, t)e-^^] e"'""*, 



(9) 
(10) 

(11) 
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where 



f^{E,u!, z,t) — ejq){ia sin cut zLil3p cos Lut) , (p=l,2) 



2eez 



a 



/3i 



2ieex 



/32 



2eek 



(12) 
(13) 



Further, using the known [21 expansion of exponential functions into Fourier range over all the 
harmonics, the functions f^{E,uj, z,t) are written as 



^i(ni=Fn2)wt 



(14) 



ni— — cxD n2 — — cxD 



where j„ £^re the cylindrical Bessel functions of the whole order. 

The quantum transitions, accompanied by energy radiation or absorption, occur between elec- 
tron quasi-stationary states with odd number under the effect of electromagnetic field. The most 
intensive transitions arise between the neighbouring resonance states. Thus, the expression (14 1 for 
the functions f^(E,uj, z^t) can be essentially simplified by leaving only zero and first harmonics 
from the whole infinite range. Then, in a one-mode approximation for the functions f^{E^Lj, z,t), 
the following expression is obtained 



f^{E,oj,z,t) = C^{E,iu,z) + {Dp{E,io,z)+i[F^{E,iu,z) + G^{E,io,z)]}. 



-iujt 



with 



+ {~Dp{E,io,z)+i[F^{E,uj,z)-G^{E,uj,z)]}&^', (15) 

OO 

C^{E,UJ,z) ^ jo{a)jQ{f3p) + 2 ^ b4ni (a)j4ni (/3p) - j4ni-2(a)j4ni-2(/3p)], (16) 

ni — 1 

OO 

Dp{E,UJ,z) = ^ {j4«i-l(a)[j4ni(/?p) +i4ni-2(/3p)] - i4Tii -3 (") [j4rii -2 (/3p) + J4,ii -4 (/3p)] }, (17) 
ni = l 

OO 

G^{E,UJ,z) =± ^ {j4ni(a)b4ni-l(^p)-j4«i + l(/5p)]+j4rii-2(a)[j4ni-l(/^p)-i4ni-3(/3p)]}- (18) 
ni — 1 

Within the framework of the linear Hamiltonian over the field intensity (e), the rather compli- 
cated formulas (16l-(18l correctly define the electron wave function in a one-mode approximation 
independently of the intensity magnitude. In the case of small intensity when the condition 

min[a(£;),/?i(£;),/32(S)] « 1 (19) 

is fulfilled, expanding the Bessel functions into a series and preserving the linear term over the 
field, the expressions for coefficients are simplified 



= 1; 



Dp - -a/2; F^ = ±/?p/2; 



G^=0. 



(20) 



Thus, the wave function is also obtained in a convenient analytical form 
«'(£:, w,z,t) = (aoe"=^ 4- 6oe""''=)e-'"°*6l(-z) + a4e"=^e-''^°*6i(z - Z3) 



p=i 



1 



1 



l + -(i/3p + a)e'"'-f -(i/3p-a) 



-lUjt 



+ 6pe-"-^[l- -(i/3p-a)e^ 



'-{il3p + a)e \ 



[0(z-zp_i)-0(z-zp)],(21) 



where 



Ko = ik. 



Using the obtained wave function 'I'(i?, oj, z, i) one can perform the calculation of the perme- 
ability coefficient for the two-barrier RTS, obtaining the spectral parameters of electron quasi- 
stationary states and active dynamic conductivity of nano-structure. 
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3. Permeability coefficient and dynamic conductivity of two-barrier RTS 



Now, we can find the dynamic conductivity caused by the quantum transitions of electrons from 
the quasi-stationary state with the energy E into the states with the energies E + hu or E — huj due 
to the effect of the periodical electromagnetic field with intensity e and frequency u. Therefore, 
we have to define the densities of electron currents: J{E + fiuj) and J{E — Huj), fiowing out of 
the RTS with the respective energies. In such approach, the complete wave function is written as 
linear combination of wave functions describing the electron states with the energies E, E + huj 



and E — hw. The functions ^>{E ± huj,uj,z,t) can be obtained from the expression (21 1 for the 
already known function "il^EjUj, z,t) using the substitution E ^ E ± hu. Then, 



^{E±huj, uj, z, t) = 6f|=e-"=*^e-'("''±")*6l(-z) + a±e"=*"e-'('^°±'^)*6'(z - zg) 



X [0(z-Zp_i) + 6'(z-Zp)], 



(22) 



where 



h-^y/2mi[U - {E±hLo)]; = ik^ = ihT^ .j2mn{E ±huj) ; 



(23) 



3f 



2ieex 



(24) 



The mono-energetic electron current falls at RTS with the energy E = hojo. Under the effect 
of electromagnetic field there occur quantum transitions into higher (with the energy E + huj) or 
lower (with the energy E — huj) electron quasi-stationary states, the currents from which produce 
the dynamic conductivity of a nano-structure. In order to describe this physical process correctly. 



we have to leave the terms containing only the first harmonic (±a;) in formula (22 1 for the wave 
function. Thus, 



^{E±huj,uj,z,t) = 6±e-"=*^e-'("°=^")*6l(-z)-Hafe"=*^e-'('^°±")*6'(z-Z3) 

3 

+ ^e-'(-°±-)*(a±e^^^ + 5±e-<^)[0(z-Zp_i) + ^^(^-^p)]- (25) 



p=i 



The complete wave function $(-E, E — hco, E + hco, lj, z, t) can be written at the base of super- 



position (linear combination) of wave functions (21 1 and (|25[). It depends on electron energies E 



E — huj, E + hu! and electromagnetic field frequency uj. For a convenient presentation, it is further 
written as ^{E,uj, z,t). 



^{E,Lu,z,t) ^ 'Po{E,uj,z,t)0{-z) 

3 

+ Y.%{E,uj,z,t)[9{z- zp_i)-e{z- Zp)] + <i>4{E,uj,z,t)0{z- Z3), (26) 
p=i 
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where 



$o(£^, z, t) = e-'"«* ( Aoe"=^ + B^^''^^ + 



'i>p(i?, cj, z, i) = c 



l + i(i/3p + a)e'"* + i(i/3p-a)e-"^* 



l-^(i/3p-a)e-*-i(i/3p + a)e-'"* 



(27) 



(28) 
(29) 



The two-barrier RTS under study is an open one, consequently the wave function ^{E,uj, z,t) 
at any moment of time has to satisfy the normahty condition 



<^>*{k',uj,z,t)<^>{k,uj,z,t)dz = 6{k-k'). 



(30) 



The wave function and its density of current should be continuous at all nano-structure interfaces 



^p{E,uj,Zp,t) = ^p+i{E,uj,Zp,t); 



d^p(E,uj,z,t) 



mo(i) dz 



d^p+i{E,uj,z,t) 



dz 



(31) 



The coefficients at zero harmonics: Bq, Ap, Bp, are definitely obtained from the system of ho- 
mogeneous equations (31 ) through the coefficient ^o- This is, in turn, related to the density of start 



electron current impinging at RTS: Jq — enoy 2EmQ ^jAop, where uq is the concentration of elec- 
trons in this current, e is electron charge. Coefficients at the first harmonics: B^,Ap,Bp,A^ are 
defined through the now known coefficients at zero harmonics of function cj, z, t). According 
to the quantum mechanics |22| . the permeability coefficient for the two-barrier RTS is 

D{E) - IA4M0P. (32) 

It is well known |14lE?| that the permeability coefficient D{E) determines the spectral param- 
eters: resonance energies (-E„) and resonance widths (r„) of quasi-stationary states of electrons. 
The positions of D{E) maxima in the energy scale fix the resonance energies, while their widths 
at the halves of maximal heights D{En) fix the resonance widths of these quasi-stationary states. 

According to electrodynamics in a quasi-static approximation, the energy {£), got by 
the electrons from the field during the period T = 27r/w, is related to the real part of dynamic 
conductivity (a) 

(33) 



c = a(E,uj). 



The same energy is defined by the electron currents fiowing out of the nano-structure through 
the densities of currents of uncoupling electrons 

hioT 



{[J{E + huj, Z3) - J{E + /iw, 0)] - [J{E - huj, Z3) - J{E - huj, 0)]} . 



(34) 



According to quantum mechanics [22j , the density of current is defined by the wave function 

$(£;,w, z,t) 



J{E,z) 



lehniQ 
2m(z) 



,d'P*(E,Lo,z,t) ,d^(E,uj,z,t) 
^{E,u},z,t) \' ' ' ^ _ ^*{E,uj,z,t)- ^ ' ' 



dz 



dz 



(35) 



Thus, as a result of analytical calculations, the final expression for the dynamic conductivity of 
two-barrier RTS is obtained: 



<^iE,oj) = f^[k+i\B^\' + - k-{\B-\' + \A-n 



(36) 
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It is evident that in linear approximation over the electromagnetic field intensity, the coefliicients 
Bq , are also linear. Consequently, in this approximation, (the same in PT [T5-19, ) the 

dynamic conductivity is independent of e. 

The calculations of spectral parameters of electron quasi-stationary states and dynamic 
conductivity of nano-structure were performed at the base of the developed NPT for 
Iuq 52Alo.48As/Ino.53Gao.47As two-barrier RTS with physical parameters: tuq = 0.046 m,,, rrii = 
0.089 rue, U = 516 meV, no = 10^^ cm""^ and typical geometrical ones: b = 10.8 nm, -I- A~ = 
6 nm, = 2 4.5 nm. The same calculations were performed in the frames of the previously 
developed PT |19] in the first order over the field intensity for comparison. 

The results obtained for positive or negative conductivities (t{E, = huj) produced by the quan- 
tum transitions of electrons interacting with electromagnetic field in the processes of absorption 
(1 — > 2) or radiation (2 — > 1) are shown in figures 2 (a), (b) and figures 2 (d), (e), respectively. 

The spectral parameters (resonance energies and resonance widths) of electron quasi-stationary 
states, defined from the permeability coefficient |14l [53], do not depend on the method of calcu- 
lation. Their magnitudes, obtained for the two-barrier RTS with 6=10.8 nm, A+ = A^=3 nm 
are presented in figures 2 (a), (b), (d), (e). The figures prove that the functions a{E,n = const) 
and (j{E = const, il) are of the shape of Lorentz curve in both methods (NPT and PT). How- 
ever, herein, it is clear that the magnitudes (t{E, fl) in PT are overestimated in the detector and 
underestimated in laser quantum transitions at any E and a;, comparing to the exacter NPT. 

In the both methods, the positive conductivity maximum: ai2 = maxcri2(-E', fi), caused by 
the detector (accompanied by electromagnetic wave absorption) quantum transitions between the 
first and second quasi-stationary states is calculated at the plane {E, J7) in the point: E = Ei, 
J7 = J7i2 = E2 — El. For the two-barrier RTS under study we obtained: (7f2'^=20557 S/cm, and 
afi'^ =16740 S/cm. It means that the PT gives the magnitude at 22.8 % bigger than the NPT. 
It is also shown that in the both methods, the widths (Fq) of a{Ei,il.) functions are almost 
coinciding and in Q scale coincide to the resonance width of the second quasi-stationary state 
(Fq^""" r:! Tf^ F2). The widths (F^;) oia{E, fli2) functions coincide in E scale and with resonance 
width of the first quasi-stationary state (F^^""" ss F^""" « Fi). 

In the both methods, the negative conductivity minimum: (T21 = mino'2i(-E, fi), caused by the 
laser (accompanied by electromagnetic wave radiation) quantum transitions between the second 
and first quasi-stationary states is placed at the plane {E, ft) in the point: E = E2, ^ = ^21 = E2 — 
El. For the two-barrier RTS under study, we obtained: a^^ = -41300 S/cm, cr^/"^ = -49990 S/cm. 
Contrary to the positive conductivity, the widths of the negative one in both scales {E, H.) are 
close to each other and to the resonance width Fi, i.e. F^^""" « F^""" « F^^"^ « F^"^ « Fi. 

In figures 2 (c), (f) the dependences of maximal (minimal) magnitudes of positive (negative) 
conductivities on the width of the outer barrier (A+) at a fixed sum width of both barriers (A+ + 
A~ = 6 nm) are shown for NPT and PT. It is clear that the functions in the transitions 1^2 and 
2^3 are located close to each other in both methods not only qualitatively but also quantitatively. 
The insertions in figures 2 (c), (f) prove that the errors (77 = 1 — a^^ /a^^"^ , %) of conductivities 
calculated within PT with respect to NPT weakly depend on the relationship between the widths 
of both barriers. 

Finally, we should note that in the both methods the dependences of a on A+ at A~ + A+ = 
A = const are not only of the same shape (figures 2 (c), (f)) but their magnitudes at any A+ are 
close to each other. The behaviour of the function is clearly explained by physical considerations. 
In reference |19| it was proven that the magnitude of dynamic conductivity is proportional to the 
electron life times in those quasi-stationary states between which the quantum transitions occur due 
to the interaction with electromagnetic field. If the difference between the widths of both barriers 
I A+ — A^ I is big, the life times in all quasi-stationary states are small because the electrons rapidly 
quit the two-barrier RTS through the thinner barrier. If the barriers widths correlate, the life times 
in all quasi-stationary states increase, approaching the maximal magnitude at A^ = A+ = A/2. 
From figures 2 (c), (f) one can see that a dependence on A+ is qualitatively similar to the above 
described evolution of life times with the only difference that max(T(A+) is approached not at 
A^ = A+ = A/2 but at A^j" > A/2. This is also clear, because, contrary to the electron life times 
in quasi-stationary states independent on the number of electrons in two-barrier RTS (in the frames 
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of the model neglecting electron-electron interaction), the conductivity depends on this factor due 
to the interaction with electromagnetic field. Thus, at the increase of input barrier width (A^), the 
number of electrons reflected from RTS increases. Therefore, at A~ = A + A,} < A/2 the number 
of electrons in the RTS is bigger than at A~ = A+ = A/2 and, consequently, cr(AQ ) > cr(A/2). 




39.8 40.0 Ej 40.2 £^ j^gV 



2.0 2.5 3.0 3.5 4.0 A , nm 4.5 




Figure 2. Dependences of maximal magnitudes of positive (a, b, c) and negative (d, e, f) con- 
ductivities a on electromagnetic field energy Q, = hu (a, d) and electron energy E (b, e) in 
two-barrier RTS at = A^=3 nm. Dependences of maximal magnitudes of positive and neg- 
ative conductivities on the relationship between the both barrier widths (c, f) at A+ + A^= 6 nm 
obtained within the non-perturbation theory (bold solid and dashed curves) and perturbation 
theory (thin solid and dashed curves). 
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4. Conclusions 

1. The non-perturbation theory of active dynamic conductivity for the open two-barrier RTS, 
preserving the terms linear over the electromagnetic field in an electron wave function, is proposed 
for the first time. 

2. It is shown that the properties of positive and negative conductivities of two-barrier RTS, 
shown earlier within the linear approximation over the field perturbation theory, in the so-called 
weak signal approximation are not only qualitatively similar but quantitatively correlate to the 
results of a more exact non-perturbation theory proposed. 

3. The developed non-perturbation theory of dynamic conductivity for the two-barrier nano- 
structure can be used for the multi-shell RTS and generalized for the physically and technically 
important case of electron currents interacting with strong electromagnetic fields in quantum cas- 
cade lasers and detectors. 
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HenepTyp6ai4iMHa Teopia e/ieKxpoHHoV Ai/iHaMisHoV npoeiflHOCTi 
flBo5ap'epHoV peaoHaHCHO-xyHejibHoT HaHOCxpyKxypi/i 

M.B.TKan, fO.O.Ceji, O.M.BoMi^exiBCbKa 

HepHiBeL\bKi/iCi HaLfioHajibHi/iH yHiBepCMTer iiui. KD.tPeflbKOBi/ina, By/i. KoL(io6i/iHCbKoro, 2, 58012 HepHiBL(i, 
VKpaiHa 

Bnepiue sanponoHOBaHO HenepTyp6aL4iMHy TeopiKD ejieKxpoHHoV flUHaMinHoY npoeiflHocri siflKpi/iToT flBoBap'ep- 
HoT pe30HaHCHO-TyHe/ibHoT CTpyKxypi/i y MOflejii npaMOKyxHi/ix noTeHL4ia/iiB i pisHi/ix ecfjeKxi/iBHi/ix Mac ejieKTpo- 
hIb y pisHMX e/ieweHTax HaHoci/icTeMW ra 3 /liHiHHOto 3a Hanpy>KeHicTK> e;ieKTpoMarHiTHoro nonff xbh/iboboio 
4)yHKL^ieKi CMCTeMH. noKa3aHO, mo pe3y/i bTari/i posBi/iHyroT paHiiue reopiT flWHaMinHoT npoBiflHocri y Ma^iocM- 
THajibHOMy Ha6jii/i>KeHHi (y Me>Kax reopiV 36ypeHb) aKicHO i KiyibKicHO KopeJiKjiOTb 3 OTpuiMaHj/iMM pe3yjibTaTa- 
Mi/i. riepeBari/i HenepTypGaLfiuHoVTeopiV b TOiuiy, u^o BOHa moms 6yTki nouj^peHa Ha smnapflK BsaeMOAu noTOKiB 
ejieKTpoHiB 3 noTy>KHMMi/i eneKTpoMarHiTHi/iMi/i hoji^mi/i y Bi/^Kpi/iri/ix 6araTOLuapoBiox pesoHaHCHO-ryHejibHHx 
HaHOcrpyKTypax, stK aKTi/iBHMx ejieMeHrax KBaHTOBi/ix KacKa^Hi/ix jiasepiB i flereKTopiB. 

K/hohobI cyiOBa: pesoHaHCHO-ryHejibHa HaHOcrpyKTypa, npoeiflHicTb, HenepTyp6au,mHa reopifi 
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